Purpose of review B cells are known to play a central role in humoral immunity and to boost cellular immunity, however, in a variety of experimental models, B-cell subsets ameliorate inflammation and autoimmune disease, indicating that they can also play a regulatory role. Here, we highlight the advances in regulatory B-cell (Breg) biology of the past year with an emphasis on findings pertinent to transplantation. Several recent observations highlight the relevance to clinical transplantation. Data from at least three independent groups demonstrated that spontaneously tolerant renal transplant recipients exhibit a peripheral blood B-cell signature although the significance of these data remains unclear. Moreover, new data suggest that regulatory B cells may serve as a biomarker for long-term allograft outcomes. Finally, recent evidence suggesting that plasma cells may be an essential component of Bregs raises new concerns about targeting antibody producing cells.
INTRODUCTION
B cells are central to antibody-mediated rejection and enhance the cellular immune response. There is, however, accumulating evidence for regulatory B-cell subpopulations capable of ameliorating inflammation and maintaining tolerance. Breg function is now implicated in autoimmunity, tumor immunity, infectious disease, and the response to transplants [1] . Understanding the B-cell influence on transplant outcome is complicated by the varying roles of numerous B-cell subpopulations.
PHENOTYPIC IDENTIFICATION OF BREGS
The inability to definitively identify Bregs remains a major challenge to fully understanding their immunobiology. In most studies, IL-10 is essential for Breg activity, and B-cell IL-10 expression remains the most unified approach toward defining Bregs [2, 3] . The IL-10 protein is, however, essentially undetectable in freshly isolated B cells, and therefore, IL-10 expression has not been a useful means to isolate Bregs for direct study. Rather, IL-10 is usually detected only after in-vitro stimulation with mitogens, TLR ligands, and/or CD40 ligation. For example, after stimulation with LPS, ionomycin, and PMA, for 5 h, $1% of total B cells express IL-10 [4] . Unfortunately, there is no specific cell surface marker for such IL-10 þ B cells.
Although there is no specific marker, the frequency of IL-10 þ B cells after in-vitro stimulation is clearly enriched in certain B-cell subsets, and these generally exhibit Breg activity upon adoptive transfer. For example, splenic marginal zone [5] [6] [7] , marginal zone precursor (MZ-P), or transitional 2 (T2) [8] [9] [10] [11] , follicular [7, 9, 12] , CD1d hi CD5 þ B cells [13] , pro-B cells [14] , and even plasma cells [15, 16] have been shown to exert regulatory activity. Nevertheless, IL-10 þ cells still remain a minority of the B cells even within these enriched subsets (e.g. 10-25%). In adoptive transfer, those subsets that have the most IL-10 þ regulatory B cells, and presumably the fewest proinflammatory B cells, will appear to be regulatory in any given model. Thus, regulatory activity upon adoptive transfer is primarily a measure of frequency of IL-10 þ B cells in that select population. Moreover, most such regulatory subsets only account for a fraction of all IL-10 þ B cells that are generally dispersed in multiple B-cell fractions at lower frequency [17] . It is, however, not currently known whether all B-cell subsets expressing IL-10 function as Bregs, nor is it known whether IL-10 À B cells within functional Breg subsets can also contribute to the observed Breg activity. In this regard, IL-35 is expressed by a distinct subset of B cells (especially plasma cells), and these cells may play a codominant role along with IL-10 þ B cells in regulating experimental autoimmune encephalomyelitis (EAE) [15, 16] .
The frequency of IL-10 expression by B cells can be increased four to five-fold by more prolonged invitro stimulation (e.g. CD40 ligation for 2-3 days prior to mitogenic stimulation) [2] . Whether the increase in IL-10 þ B cells represents stochastic expression of IL-10 by activated B cells, or is due to in-vitro maturation of Breg progenitors as has been suggested [2] , remains unclear as there are no transcription factors or other markers that identify Bregs as a lineage. Likewise, stimulation of bone marrow cells with TLR ligands in vitro can give rise to pro-B cells that can prevent onset of diabetes upon transfer into prediabetic NOD mice [14] . These cells clearly develop into mature B cells after transfer, although it is unclear which subset/maturation state is responsible for the suppressive effect observed.
MECHANISM OF ACTION
In the mouse, Bregs alter T cell effector function by decreasing Th1 and Th17 differentiation while increasing the presence of Tregs [7,9,10,13,15, 18-24,25 & ]. Graft survival prolongation by Breg adoptive transfer is Treg-dependent, and transfer increases the number and frequency of Tregs, which is likely dependent on B-cell expression of TGF-b [25 & ,26] . In the presence of Bregs, DCs decrease their antigen-presenting capacity and increase their production of IL-4 while decreasing their production of IL-12 [24] . Finally, induction of Bregs by LPS stimulation results in FasL upregulation that may kill target cells and TGF-b upregulation that decreases antigen presentation by APCs and promotes Tregs [14, 27, 28] .
Although most studies show a critical role for IL-10, others show IL-10-independent mechanisms of Breg action. For example, B cells reduce severity of EAE, and IL-10 production by B cells was necessary for this B-cell suppressor activity [15, 16, 18, 29] . In contrast, it has also been reported that B-cell GITRL expression and not IL-10 expression played an essential role in maintaining Treg numbers and reducing EAE severity [30] . In an MHC class I-disparate skin graft model, adoptive transfer of B cells from tolerant mice was able to prolong graft survival in a dose-dependent and antigen-specific manner [31] . Only transitional-2 (T2) B cells from tolerized mice, not marginal zone or follicular or transitional-1 B cells, could prolong skin graft survival upon adoptive transfer. Interestingly, although T2 cells expressed elevated levels of the TIM-1 marker (considered below), in-vivo T2 suppressor function was not IL-10-dependent as demonstrated by adoptive transfer of IL-10 -/-B cells. Of note, earlier studies from Mauri's group [9] showed that T2 B cells prevented collagen-induced arthritis in an IL-10dependent manner and that naive T2 cells could also inhibit disease, although they were less potent. This raises the question as to whether the potency of the alloresponse requires different mechanisms to effect suppression in the skin graft model.
Two papers implicate IL-35 as a cytokine necessary for Breg function in the recovery from autoimmune disease [32,33 & ]. IL-35 is a potent immunosuppressive cytokine produced by natural Foxp3 þ Tregs and induces suppressor T cells that suppress via IL-35 and independent of IL-10 or TGFb [34, 35] . The majority of IL-10 expressing B cells expresses IL-35 [34] . In-vitro culture experiments demonstrate that IL-35 may act in a positive feedback loop to generate more IL-35 production as well as IL-10 production [33 & ]. Mice with a B-cell-specific deletion of IL-35, like B-cell-specific IL-10-deficient knockouts, lack the spontaneous remission in EAE
KEY POINTS
Several cell surface proteins, including TIM-1, enrich for regulatory B cells; however, IL-10 remains the definitive hallmark.
Expansion of regulatory B cells may have potent antiinflammation effects.
A relative expansion of Bregs versus proinflammatory B cells may occur during recovery from B-cell depletion and may promote allograft survival.
Identification of a more definitive Breg phenotype will facilitate our ability to monitor their levels in vivo and test strategies to expand Bregs or avoid their depletion.
observed in wild-type (WT) animals. Both IL-10 and IL-35 knockouts demonstrate elevated CD4 þ T cell infiltration in the central nervous system and a higher activation of inflammatory T cells [36 & ]. Of note, the highest producers of both cytokines were plasmablasts, raising the important notion that plasma cells may be important contributors to what has been viewed as Breg activity. This has been confirmed in the EAE models, showing that B cells that could not differentiate into plasma cells were not protective in EAE [16] . If this finding extends to the allograft setting, it suggests that antiplasma cell therapy such as B cell depletion may not only inhibit alloantibody production but may deplete regulatory cells that promote stable engraftment [37] .
Deletion of the IL-35 receptor has a significant impact on the frequency of IL-10 þ Bregs, whereas the absence of B-cell IL-35 has only a modest impact [32,33 & ]. Likewise, IL-35 receptor deficiency (IL-12Rb2 -/-) resulted in more severe autoimmune uveitis, whereas IL-35-deficient mice demonstrated comparable disease severity to WT animals suggesting there are alternative pathways to Breg expansion [33 & ,36 & ]. Coculture of human B cells with phorbol ester and IL-35 also induced IL-10 expression suggesting a potentially important means to induce IL-10 þ Bregs in vitro (discussed further below).
TIM-1 an inclusive marker for Bregs involved in induction and maintenance of Bregs
TIM-1, a member of the T immunoglobulin and mucin domain family, was originally described as a T-cell costimulatory marker but was demonstrated to be constitutively expressed on a subset (6-8%) of B cells [17] . Depending on the B-cells subset, 6-40% of TIM-1 þ B cells express IL-10. Nonetheless, in every subset, TIM-1 þ B cells are 10-30-fold enriched for IL-10 compared with their TIM-1counterparts. Thus, although not specific, TIM-1 identifies over 70% of all IL-10 þ B cells, making this the most inclusive marker of IL-10 þ B cells identified thus far [17] . Because TIM-1þ B cells belong to multiple subsets, these data suggest that IL-10 þ B cells from different B-cell subpopulations may contribute to Breg activity. In this regard, TIM-1 þ but not TIM-1 À B cells from allo-immunized mice transfer long-term islet allograft survival into otherwise untreated B-deficient recipients, and IL-10 expression in transferred B cells was essential for prolonged graft survival [17] . Adoptive transfer of TIM-1 þ Bregs polarizes Th cells toward a less inflammatory cytokine profile with increased IL-10 and IL-4 and reduced IFN-g [17,25 & ].
Several lines of evidence indicate that TIM-1 may be more than just a marker for IL-10 þ Bregs. First, TIM-1 ligation alone, or in combination with anti-CD45RB, increases both the frequency and number of TIM-1 þ and IL-10 þ B cells and prolongs allograft survival [17, 38] . Although tolerance induced by anti-TIM-1 is Treg-dependent [38, 39] , the expression of TIM-1 on Tregs is minimal [17] . In contrast, the induction of tolerance, Tregs, and antiinflammatory Th skewing by anti-TIM-1 are all dependent on B cells [17, 38] . Therefore, anti-TIM-1 induces IL-10 þ Bregs.
Second, mice expressing a TIM-1 mutant lacking the mucin domain (TIM-1 Dmuc ) exhibit a baseline defect in number and frequency of IL-10 þ B cells that progresses with age [40,41 & ]. In nonautoimmune strains, these mice develop spontaneous age-related T cell hyper-responsiveness, splenomegaly, autoantibodies, and multiorgan inflammation [40,42 & ]. Moreover, even young TIM-1 Dmuc mice exhibit accelerated rejection of single class II MHC mismatched (bm12) heart allografts, and simple transfer of naive WT TIM-1 þ B cells into these mice at the time of transplant markedly prolongs allograft survival, with 50% of mice exhibiting long-term engraftment [41 & ]. Moreover, after transfer of WT but not TIM-1 Dmuc B cells into B-deficient hosts, anti-TIM-1 antibody augments IL-10 expression and prolongs islet allograft survival [41 & ]. Similarly, both TIM-1 Dmuc and TIM-1 -/-B cells are defective in IL-10 expression after in-vitro stimulation and exhibit augmented Th17 and reduced Foxp3 and IL-10 polarization of T cells compared to WT B cells [40] . Finally, unlike WT B cells, TIM-1 Dmuc and TIM-1 -/-B cells cannot reduce EAE severity when transferred into B deficient hosts.
Third, rapid clearance of apoptotic cells is critical for disposal of dying cells in a noninflammatory manner [43] . Splenic marginal zone and B1B cells, in particular, participate in the uptake of apoptotic cells through their expression of natural IgM, which may bind apoptotic cells through recognition of phosphatidylserine and self-antigens as well as their location in the marginal zone (that directly receives blood flowing from the central arterioles) [44] . Apoptotic cells have been shown to augment IL-10 expression by B cells that can inhibit EAE and collagen-induced arthritis [7, 45] . This raised the possibility that TIM-1, a known phosphatidylserine receptor, links apoptotic cells and Breg induction. Indeed, we found that TIM-1 is responsible for a large majority of apoptotic cells binding to B cells [41 & ]. Neither TIM-1 Dmuc nor TIM-1 -/-B cells respond to apoptotic cells in vitro or in vivo in terms of IL-10 expression or protection from EAE [40, 41 main apoptotic cell receptor on B cells; TIM-1 ligation by antibodies or apoptotic cells induces B cell IL-10; loss of TIM-1 signaling inhibits Breg induction; and finally apoptotic cell binding may help establish basal Breg levels. Finally, defects in TIM-1 or polymorphisms in the mucin domain that affect apoptotic cell binding or TIM-1 signaling result in a deficiency on Bregs that predisposes to autoimmunity and accelerated allograft rejection.
Regulatory B-cell expansion
In-vivo treatment of mice with anti-TIM-1 antibody (clone RMT1-10) results in an expansion of TIM-1 þ regulatory B cells [17, 38] . Antibody treatment was not necessary for Breg function but increased the frequency of TIM-1 þ Bregs and that of IL-10 þ B cells four-to five-fold. Moreover, as noted above, anti-TIM-1-mediated allograft survival was dependent on both B cells and B-cell IL-10 expression and was ineffective in the absence of B cells [17] . More recently, a separate anti-TIM-1 antibody (clone 5F12) was described to boost B-cell IL-10 production but did not expand the number of Bregs in vitro. TIM-1 expression on B cells was necessary for this antibody effect as there was no effect on TIM-1 -/or on TIM-1 Dmuc B cells [40,42 & ]. Culturing Bregs with IL-21 has previously demonstrated the most dramatic impact on B-cell IL-10 production [46] , and cotreatment of B cells with IL-21 and 5F12 provided a synergistic boost of IL-10 production.
Human regulatory B cells
Several lines of recent evidence suggest that Bregs may have clinical relevance in transplantation. Operationally tolerant kidney transplant patients are rare recipients who have stopped taking immunosuppression by noncompliance or medical necessity (e.g. PTLD) but maintain normal graft function for more than a year [47] . In 2010, the Immune Tolerance Network and the EU Tolerance Consortium independently provided evidence that operationally tolerant patients exhibited a 'tolerance signature' related to B cells. Analysis of microarray screens of PBMCs from operationally tolerant patients demonstrated that B-cell-related genes were differentially expressed compared with immunosuppressed controls [48, 49] . In fact, a set of three of these genes distinguished tolerant from nontolerant patients with both impressive positive and negative predictive values, but the genes did not suggest any biologic function. Importantly, comparison of the profile of tolerant kidney transplant patients with recipients of other organs suggested that the B-cell signature may be unique to kidney allografts [50] .
Although three studies did not see an increase in overall B-cell IL-10 expression in operationally tolerant patients compared with stable immunosuppressed patients, Newell et al. found both an increase in transitional B cells and IL-10 expression by this B cell subset in tolerant patients versus stable immunosuppressed controls [48, 49, 51, 52] . Importantly, none of the three manuscripts found differences between tolerant patients and healthy controls. B-cell expression of IL-10 from tolerant patients was low but elevated only relative to immunosuppressed patients.
Both transitional B (CD24 hi CD38 hi ) cells and CD27 þ memory B cells, especially those expressing IgM (unswitched), have been shown to be enriched for IL-10 expression, and defects in IL-10 expression may or may not be associated with autoimmune disease like SLE [23, 53, 54] . As in mice, IL-10 is expressed by a minority of human B cells in any given subset. Cells within B-cell subpopulations are not uniform, and indeed, cells within these same subsets concomitantly express TNFa, an inflammatory cytokine associated with antibody-mediated responses in mice and augmented T cell responsiveness in multiple sclerosis [55 && ,56,57] . Although IL-10 expression was similarly enriched in CD27 þ memory B and transitional B cells, memory B cells express much higher levels of TNFa and thus have a lower IL-10:TNFa ratio ($1.5 versus 0.6) [55 && ]. The IL-10:TNFa ratio correlated with potent suppression of Th1 cytokines in vitro by transitional B, but not memory B subsets. Neutralization of IL-10 blocked transitional B regulatory function, whereas neutralization of TNFa uncovered regulatory function of memory B, showing that these cytokines are involved in vitro suppressive activity.
In a study of 88 renal transplant recipients 2-15 years after transplantation, patients with stable allograft function or with graft dysfunction but no rejection on biopsy had transitional B IL-10:TNFa ratios comparable to healthy controls [55 && ]. In contrast, patients with graft dysfunction and allograft rejection had a decrease in transitional B number. Importantly, remaining transitional B cells exhibited a significant fall in IL-10:TNFa ratio, and lost their in-vitro regulatory activity. Neither transitional B IL-10 alone, nor IL-10:TNFa ratio of total B cells correlated with rejection. Thus, the transitional B subset in humans contains both regulatory and inflammatory B cells, whose relative balance can change depending on the immunological status.
Importantly, the transitional B IL-10:TNFa ratio could distinguish stable grafts from those with rejection with a receiver operator curve AUC of 0.823. Moreover, the cytokine ratio was a predictor of graft outcomes over a 3-year follow-up [55 && ]. Although those with a high ratio (above the overall group mean) had stable graft function, 40% of those with low ratios had a greater than two-fold decrease in GFR. Even amongst the 22 patients with rejection at time of biopsy, a low cytokine ratio showed a strong trend toward poor outcome.
The role of transitional B cells as a biomarker is further supported in a recent prospective study of 73 renal allograft patients, in which a higher frequency of transitional B cells within the total B cell pool, measured at various time points in the first year, was associated with a reduced frequency of allograft rejection (hazard ratio 0.6) [58] . Interestingly, although the groups exhibited significant overlap, patients without rejection exhibited a higher percentage of transitional B cells pretransplantation on day 14 posttransplant, compared with those with rejection. Taken together, these findings suggest that transitional B cell number and perhaps more specifically, cytokine ratio varies with immunological reactivity and may serve as a biomarker for outcome.
Several other groups have also examined B-cell profiles in kidney transplant patients. A comparison of those stable off drug versus immunosuppressed patients demonstrated higher levels of peripheral B cells compared with patients who experienced an acute rejection episode [59] . In a comparison with calcineurin inhibitor-treated patients, belatacepttreated patients were found to have significantly higher transitional and naive B-cell frequencies and consequently a lower percentage of memory B cells [60] .
A study to examine the benefit of B-cell depletion by Rituximab as the sole induction therapy suggested that depletion promoted acute graft rejection, and further recruitment was halted after six patients [61] . It was hypothesized that depletion resulted in a loss of regulatory B-cell activity and an inflammatory cytokine storm that potentially activated T cells. Although in mice, B-cell depletion does not accelerate acute rejection, it does augment Th1 cytokine responses and prevents tolerance induction by various agents [11, 17, 38, [62] [63] [64] [65] [66] [67] . A separate larger study of Rituximab treatment as induction therapy for kidney transplant patients demonstrated that at 2 years posttransplant, a single dose of Rituximab did not improve the overall incidence of acute allograft rejection except potentially in immunologically high risk patients [68] .
On the other hand, data suggest that B-cell depletion could also be used to augment relative numbers of Bregs in vivo. For example, the treatment of patients with SLE or renal allograft recipients with anti-CD20 (Rituximab) results in expansion of immature transitional B cells during the reconstitution phase [69, 70] . To the degree that emerging cells are enriched in Bregs as opposed to proinflammatory cells, such strategies may be useful in promoting tolerance. In this regard, Liu et al. [71] showed Bcell depletion with rituximab was synergistic with thymoglobulin and rapamycin monotherapy (200 days) and resulted in marked prolongation of islet allografts in nonhuman primates (in some cases to >4 years). Interestingly, long-term survival was associated with relative expansion of transitional B cells, whereas rejection was associated with reemergence of memory B cells [71] . These findings prompted an ongoing trial sponsored by the Immune Tolerance Network (NCT01318915) in which well matched live donor renal transplant patients receive B cell depletion in addition to Thymoglobulin induction followed by maintenance immunosuppression with tacrolimus and rapamycin.
CONCLUSION
The Tedder group has demonstrated impressive improvement of clinical outcomes in the EAE model upon adoptive transfer of ex-vivo expanded Bregs. In parallel to ex-vivo expanded Tregs, in the coming years we hope to see prolongation of allograft survival with adoptively transferred ex-vivo expanded Bregs. Evidence is mounting that it may also be possible to capitalize on in-vivo induced Bregs to promote allograft survival. Strategies to actually expand Bregs in vivo have not yet been extended to preclinical models. The relative increase in Bregs after B-cell depletion may, however, explain synergy of Rituximab with thymoglobulin in nonhuman primates and this is now being examined in humans. We anticipate that better identification of Breg phenotype and the role of plasma cells will help in both diagnostic and prognostic studies and will also improve therapeutic targeting to avoid Breg depletion.
Bregs have been identified in the inflammatory settings, yet their presence is not sufficient to mitigate disease. It is possible that Bregs, like Tregs, are less potent in the face of inflammatory signals such as TLR-ligands. This, however, contradicts findings that TLR-ligands are potent inducers of IL-10 expression and Bregs in vivo and in vitro. Thus, the effect inflammatory signals on Breg effectiveness and stability, as well as their site of action in vivo, remains to be determined. It remains likely that the endogenous Breg response is normally insufficient to prevent allograft rejection in the face of an overwhelming inflammatory response. Identifying how to best augment the Breg response relative to the effector response, and avoid Breg depletion, remain important goals that are critical to optimal therapeutic application of Bregs.
